Nitrogen fixation (acetylene reduction) associated with roots of the seagrass Halodule wrightii was measured offshore near Beaufort and Moorhead City, N.C. Rates of acetylene reduction were higher in aerobic than in anaerobic assays and were linear for up to 5 Nitrogen fixation by bacteria and blue-green algae (cyanobacteria) has been found associated with the phyllosphere and rhizosphere of a number of seagrasses (6, 8, 18) . However, most investigations of nitrogen fixation in seagrass communities have been limited in scope. There has only been one report each on nitrogen fixation rates for both the phyllosphere (8) and rhizosphere (18) of H. wrightii. These studies reported subtropical rates of nitrogen fixation for a single month.
Seagrass ecosystems are among the most productive in coastal marine environments (22) . Development of a seagrass meadow, however, is usually slow and proceeds by colonization of the sediment by pioneering species, such as Halodule wrightii (7) , followed by the establishment of other seagrasses. Nitrogen is generally believed to be the nutrient that limits seagrass colonization and growth.
Nitrogen fixation by bacteria and blue-green algae (cyanobacteria) has been found associated with the phyllosphere and rhizosphere of a number of seagrasses (6, 8, 18) . However, most investigations of nitrogen fixation in seagrass communities have been limited in scope. There has only been one report each on nitrogen fixation rates for both the phyllosphere (8) and rhizosphere (18) of H. wrightii. These studies reported subtropical rates of nitrogen fixation for a single month.
In the present study, we examined seasonal nitrogen fixation rates associated with roots of H. wrightii in temperate water. This communication also identifies Klebsiella pneumoniae as the dominant nitrogen-fixing bacterium associated with these roots.
MATERIALS AND METHODS Sampling procedure. Core samples were taken within H. wrightii beds with coring devices (9.8-cm diameter by 12.0-cm length). The grass beds were located on a shoal near Middle Marsh in Back Sound near Beaufort, N.C. and off-shore in Bogue Sound near Moorhead City, N.C. Cores were periodically removed from September 1978 to October 1980, placed in coolers filled with seawater at in situ temperatures, and transported to the laboratory. Plant cores were then placed in a temperature-controlled incubation room illuminated with fluorescent lights. H. wrightii plants could be kept alive for over a month under these conditions. Acetylene reduction assay. Nitrogenase activity associated with surface-sterilized and non-surface-sterilized roots was measured a day after core samples were obtained by the acetylene reduction technique (10, 21) . Whole plants were carefully removed from cores, dipped in sterile artificial seawater (ASW; 3.5% Rila salts mix, Rila Products Co., Teaneck, N.J.) and, when required, plant parts were aseptically dissected from whole plants. In some experiments, roots were surface-sterilized in a solution of 1.05% hypochlorite in ASW for 15 s. Root samples were placed into capped 50-cm3 syringes from which 5 cm3 of air had been removed and replaced with acetylene. For anaerobic acetylene reduction assays, 5-cm3 syringes containing plant tissue were purged with CO2 (ASW wash maintained the pH at 8.0). Syringes were incubated at in situ temperatures or at 35°C. Nitrogenase activity at 35°C was maximum and was used to estimate maximum potential for N2 fixation. After incubation, 0.5 ml of gas mixture was removed from each syringe and injected into a Varian Aerograph 912 gas chromatograph fitted with a stainless steel column (10 ft by 1/8 in [ca. 3 .05 m by 0.32 cm]) packed with Poropak-R (100 to 120 mesh). The chromatograph was equipped with a flame ionization detector and operated under the following conditions: N2 carrier gas flow rate, 30 ml/min; H2 flow rate, 30 ml/min; air flow rate, 90 ml/ min; injector, detector, and column temperatures were maintained at 100, 100, and 50°C, respectively. Ethylene peak heights were compared with known standard concentrations. Ethylene production was converted to nitrogen fixed by a 3:1 molar ratio (10, 18) . Rates of nitrogen fixation were expressed either on a root dry weight basis or per unit area (by extrapolating from the cross-sectional area of the corer).
Enumeration of bacteria from surface-sterilized roots. Bacterial counts from fresh seagrass roots were determined within 2 h after sampling. Core samples were carefully removed from coring devices, and the top and bottom 3 cm from each core (including the leaves) were discarded to avoid contamination. Sediment was removed from the live root-rhizome system by washing in a stream of sterile ASW. Sterilized forceps were used to gently remove root samples from 4.8 g of MgSO4-7H2O; 4.0 g of MgCl2-6H2O; 0.01 g of K2HPO4; 0.001 g of FeSO4 7H2O; 0.5 g of CaCO3; 0.005 g of Na2MoO4 2H2O; 0.48 g of Tris; 5 g of mannitol; 1.0 liter of distilled water. The final pH of the medium was adjusted to 8.0. Cells were then centrifuged in 15-ml centrifuge tubes, washed three times in ASW, suspended in 1 ml of ASW, and capped with a rubber septum; acetylene was added to a final concentration of 1% (vol/vol). All tubes were incubated overnight at room temperature, after which ethylene was assayed as previously described.
RESULTS
Nitrogenase activity associated with H. wrightii was potentially greater with roots than leaves; little nitrogenase activity was found in rhizosphere sediment and in the overlying water column (Table 1) . Attention was therefore focused on the roots.
Studies were initiated to determine the effect of incubation time, oxygen, and temperature on root-associated nitrogenase activity. Surfacesterilized and non-surface-sterilized roots at incubation temperatures of 15 to 35°C showed linear rates of acetylene reduction for up to 5 days. No ethylene was detected in the absence of added acetylene. All acetylene reduction rates were calculated during the linear period of activity. Figure 1 illustrates the constant rate of acetylene reduction (35°C) for surface-sterilized roots. Shown in Table 2 potential nitrogenase activity, with a maximum during warmer months (June and August; average in situ sediment temperature, 25.5°C) ( Table  4 ). In contrast, nitrogenase activity at in situ sediment temperature was similar for both surface-sterilized and non-surface-sterilized roots and was greatest during warmer months ( (13) similarly have isolated a nitrogen-fixing bacterium (Campylobacter sp.) from surface-sterilized roots of the marsh grass Spartina alterniflora. Klebsiellatype bacteria have also been detected in other environments (2, 3, 12, 20) , including terrestrial plants (1, 4, 9, 16, 19) , where they have been implicated in nitrogen fixation.
Recently there has been a move to reclassify K. pneumoniae cultures which have been isolated from environmental sources (14, 23) . Since this is the first report of K. pneumoniae associated with a seagrass, our data may further help define the phenotypical variation in any proposed classification.
Our study and one other (18) showed that nitrogenase activity associated with some seagrasses was greater under aerobic than under anaerobic conditions. Furthermore, K. pneumoniae root isolates could reduce acetylene under aerobic conditions. These data suggest that nitrogenase activity may be compartmentalized within the cell and thereby be protected from inactivation by oxygen. Other investigators (9) have similarly shown that K. pneumoniae isolated from other botanical specimens fix nitrogen aerobically. Anaerobic sediments comprising H. wrightii beds probably are not detri- Our data and those of others (5, 6) indicate VOL. 43, 1982 on September 7, 2017 by guest http://aem.asm.org/ Downloaded from that the rhizosphere is the focal point for nitrogen fixation associated with seagrasses. Patriquin and Knowles (18) have estimated nitrogenase activity for H. wrightii in subtropical waters near Barbados to be 3.4 to 11.8 nmol of C2H4 per rhizome unit per day (incubation temperature, 25°C). We have estimated a comparable rate of 12 to 14 nmol of C2H4 per rhizome unit per day (incubation temperature, 24 to 27°C) during its active summer growth season in North Carolina. Considering the apparently close association of K. pneumoniae with H. wrightii roots, part of this fixed nitrogen might be supplied directly to the seagrass. This might help to explain why H. wrightii is often a pioneering species in the establishment of seagrass meadows and is found in areas unsuitable for the growth of other species (7) .
